Introduction
It is difficult to determine if periodic EEG patterns are ictal, or merely reflect neuronal injury, especially in patients with impaired consciousness without clinical seizures.
1,2 These patterns may lie within an ictal-interictal-injury continuum, with varying potential for secondary neuronal injury. 3 EEG periodicity can manifest as periodic lateralized epileptiform discharges (PLEDs), bilateral independent PLEDs (BiPLEDs), generalized periodic epileptiform discharges (GPEDs), stimulus-induced rhythmic, periodic or ictal discharges (SIRPIDs), or triphasic waves (TWs).
Although PLEDs and BiPLEDs are commonly associated with seizures, whether or not these patterns are definitely ictal is controversial. 4, 5 Ictal PLEDs may be the sole electrographical pattern in non-convulsive status epilepticus (NCSE) or epilepsia partialis continua (EPC), but PLEDs are also observed in chronic, non-epileptic states without additional neurological deficits. [6] [7] [8] [9] [10] Similarly, while most patients with SIRPIDs have no clinical correlate, a small proportion have time-locked motor seizures. 11, 12 TWs, historically considered non-ictal, are occasionally ictal in nature. 13, 14 GPEDs, while associated with diffuse severe cerebral dysfunction and seizures, 15 can, in the appropriate clinical context, be interpreted as an electrographical status epilepticus (SE). 16 It is therefore difficult to determine if a periodic EEG pattern represents non-convulsive seizures (NCSz) in patients with only depressed consciousness. A trial of benzodiazepines and antiepileptic drugs (AEDs) may be given, looking for improved conscious levels with EEG pattern resolution. 7, 17 However, these end-points are often equivocal in the critically ill, and most periodic patterns are abolished by benzodiazepines, regardless of etiology. 18 Clinical improvement can also be delayed even if the periodic activity represents NCSz. 19 In patients with impaired consciousness and periodic EEG patterns, we aimed to identify variables affecting prognoses and determine if attempts to abort the EEG patterns using sedatives and/or anticonvulsants influenced outcomes.
Methods
This was a retrospective study analyzing all routine EEG recordings performed during a 3-year period (January 1, 2007-December 31, 2009) at our tertiary-level institution. The hospital institutional review board waived need for written consent.
EEG criteria
Using a centralized electronic database, EEGs were identified using the keywords: repetitive discharge, periodic discharge, PEDs, PLEDs, BiPLEDs, GPEDs, periodic epileptiform, bilateral periodic epileptiform discharge, generalized periodic epileptiform discharge, and triphasic waves.
The following definitions were used in our data collection 2,20 :
a. PLEDs: lateralized or focal; periodic or near periodic; or spike, spike-wave or sharp-wave complexes b. BiPLEDs: bilateral independent periodic lateralized epileptiform discharges c. GPEDs: occurrence of sharply defined periodic complexes over both hemispheres in a symmetric, diffuse and synchronized manner d. TWs: generalized or frontally dominant periodic discharges with a triphasic morphology to the waveforms e. PEDs: repetitive sharp waves, spikes, or sharply contoured waves at regular or nearly regular intervals and without clear evolution in frequency or location.
Certified electroencephalographers reviewed the raw EEG data. Uninterrupted EEG recordings were performed for a minimum of 30 min, using a digital video bedside system (Sigma, Germany), with International standard 10-20 longitudinal bipolar montage applied. High pass filter was set at 0.3 Hz and low pass filter at 70 Hz. EEGs with periodic discharges occupying <50% of the recording were excluded.
Patient criteria
Adult patients with impaired consciousness, satisfying the above EEG criteria were included. Patients with convulsive SE or clinical seizures within the preceding 24 h of the index EEG were excluded. Clinical seizures were considered present if any of the following was noted in the medical charts, EEG records, or during screening of the digital video recordings: ''generalized tonic-clonic seizures,'' ''grand-mal seizures,'' ''convulsions,'' ''rhythmic jerking,'' ''rhythmic twitching,'' ''myoclonus,'' and other subtle movements considered to result from epileptiform activity (e.g. facial twitching, eye nystagmus). EEGs containing periodic patterns, but which also contained unequivocal electrographical seizure activity, were excluded. We defined electrographical seizures as abnormal paroxysmal events differing from the background with a temporal-spatial evolution in morphology, frequency, and amplitude, with a discernible electrographic field. Patients who had suffered hypoxic-ischemic encephalopathy were excluded from the analysis given their well-established poor prognoses. 21 
Data collection
A neurologist, blinded to the EEG findings, reviewed the clinical data from the medical charts. Data was collected on patient demographics, past medical history, indication for EEG, Glasgow Coma Scale (GCS) at time of EEG and presence of clinical seizures during hospitalization (not including seizure occurrence <24 h prior to EEG). Etiology of the impaired consciousness was specified if known.
We categorized medical history into central nervous system (CNS) disease (epilepsy, stroke, brain tumor, neurosurgical procedure, traumatic injury, intracranial hemorrhage), and toxic/ metabolic disease (hepatic or renal impairment, alcohol intake). Similarly, we categorized etiology of the impaired consciousness into CNS-related (stroke, brain tumor, CNS infection, traumatic brain injury, intracranial hemorrhage), toxic/metabolic-related (electrolyte abnormalities, hepatic or renal impairment, drugs), and others (neurodegenerative and cryptogenic). Etiology timing in relation to the onset of the periodic pattern was categorized as ''acute-'' or ''remote-symptomatic'', depending on whether the pattern was ascribed to an acute, active disease process, or to a temporally distant disease process.
As a sub-study, we categorized type of periodic EEG pattern into ''triphasic waves'' and ''non-triphasic waves'' (all other periodic patterns apart from TWs). In our experience, the 'ictal' nature of TWs is the most controversial of all periodic discharges seen in this group of patients with confounding comorbidities, due to the traditional view that TWs are non-ictal and indicate underlying metabolic dysfunction.
Neuroimaging data (computed tomography or magnetic resonance imaging of the brain) was recorded, and abnormal studies were categorized as having cortical and/or subcortical abnormalities.
We recorded treatment, if any, given in response to the index EEG showing periodic patterns. Data on the type of treatment (sedatives and/or AEDs) was collected.
Outcome parameters
Outcomes were assessed at point of hospital discharge and up to 1-year. Outcome measures were mortality and resolution of periodic EEG patterns on subsequent EEGs. Functional state upon discharge was recorded using a Modified Rankin Scale (mRS) derived from the clinician's annotations of the patient's clinical status in the medical charts. Functional outcome was compared to the patient's premorbid functional status.
Analyses
All statistical analyses were performed using IBM SPSS version 20. Logistic regression was carried out to evaluate for significant factors accounting for mortality, resolution of the periodic EEG pattern, and worsened functional status. This was performed controlling for the following variables: use of abortive treatment, age, GCS at time of EEG, timing of etiology, medical history of CNSdisease and clinical seizure occurrence. Statistical significance was set at 5%.
Results

Study cohort
4246 patients underwent EEG during the study period. 2.6% (n = 111) had periodic EEG patterns. 71 met our inclusion criteria. 7 were excluded due to missing data ( Fig. 1) . Of the remaining 64, mean age was 65.2 (AE3.3) years and 40.6% were males. Demographic data is summarized in Table 1 .
Of these 64, 38 patients had no previous seizures or abnormal movements noted by the clinicians at all. In these patients, EEG was requested as part of the work-up for a depressed conscious level to exclude the possibility of a de-novo non-convulsive status epilepticus. The remaining 26 patients had clinical seizures more than 24 h prior to the index EEG.
Use of abortive therapy
29.7% (n = 19) of the study population received abortive therapy. Of these patients, 9 received intravenous (IV) sedatives as part of their treatment, which included propofol and/or midazolam infusions, while 10 received AEDs alone. In these 10 patients, treatment regimens included initiation of drugs in a previously AED-naïve patient, addition of other AEDs, and increasing the dosages of already administered AEDs. Treatment was initiated based on the treating physician's index of suspicion of whether the EEG pattern represented an epileptic phenomenon, and subsequently titrated according to patient's clinical status. Treatment failure was defined as a lack of clinical improvement following 72 h. Of these 19 treated patients, 5 did not have a repeat EEG performed -3 due to rapid worsening clinical status resulting in death, and 2 due to maintenance of a similar clinical state.
36.8% of treated patients died during admission, compared to 28.9% of those untreated. After adjusting for treatment usage, age, GCS at time of EEG, etiology timing and seizure occurrence, there was no statistically significant difference between treated and untreated patients for inpatient mortality ( Table 2) .
Use of abortive therapy also did not influence subsequent resolution of EEG periodic patterns (Table 3) .
However, patients who were given treatment had significantly higher odds of a discharge functional status worse than their premorbid. After controlling for seizure occurrence, age, history of CNS-disease, GCS at time of EEG, and etiology timing, abortive treatment was an independent risk factor for a worsened functional discharge status ( Table 3 ). The distribution of functional status and death as graded by mRS among the treated and untreated patient cohorts is shown in Fig. 2. 
Mortality
Overall inpatient mortality was 31.3% (n = 20). More patients with an acute symptomatic etiology died during admission and follow-up (Table 2) . Adjusting for abortive treatment usage, age, GCS at time of EEG, and clinical seizure occurrence, acute symptomatic etiology remained independently associated with inpatient mortality and death by 1-year (Table 2) .
47.8% of patients who developed clinical seizures during admission died during admission, compared to 22.0% of those who did not. Adjusting for use of abortive therapy, age, GCS, and etiology timing, patients with seizures remained at higher risk of inpatient mortality ( Table 2) .
The median GCS of those who died in hospital vs. those who survived was 5 vs. 10 respectively (Table 4) . For every point decrease in GCS, the odds of inpatient mortality increased by about 23% (95% CI 7-37%, p = 0.009). After adjusting for abortive treatment, age, etiology timing, and seizure occurrence, the odds of dying increased by about 24% for each point decrease in GCS (inpatient mortality OR 0.77, 95% CI 0.63-0.94, p = 0.009; 1-year mortality OR 0.76, 95% CI 0.62-0.93, p = 0.007).
Functional status on discharge
75.0% (n = 48) had a poorer functional status at time of discharge. Patients with lower GCS scores at time of EEG were at greater risk of a worsened discharge functional status. Even after controlling for use of abortive treatment, age, history of CNSdisease, etiology timing, and seizure occurrence, lower GCS at time of EEG was independently associated with poorer discharge functional status, with every unit decrease of GCS being associated with a 33% increase in odds of a worse functional discharge status (95% CI 9-51%, p = 0.011) ( Table 3) .
Patients with acute symptomatic etiologies were also more likely to do worse (unadjusted OR 3.79, 95% CI 1.09-13.19, p = 0.036), although this was not an independent predictor after controlling for abortive therapy, age, medical history, GCS at time of EEG and seizure occurrence (Table 3) .
Patients with prior CNS-disease were more likely to have a stable mRS (unadjusted OR 5.00, 95% CI 1.40-17.86, p = 0.013), although this was not significant after controlling for use of abortive treatment, age, GCS at time of EEG, etiology timing, and seizure occurrence.
Resolution of the periodic pattern
Of the 27 patients who had repeat EEGs following the index EEG, 63.0% (n = 17) had resolution of the periodic pattern. Nearly half of these (n = 8) had received abortive therapy. An example of one of these patients is seen in Appendix.
46.7% of patients with prior CNS-disease did not have resolution of the EEG pattern, compared to 83.3% of patients without. There was a trend toward patients with prior CNS-disease to be less likely to have resolution of the EEG pattern, although this did not reach statistical significance (Table 3) .
In our analysis, no other variables were found to influence mortality, functional status, and resolution of the periodic EEG pattern. Even comparing patients whose periodic EEG patterns consisted solely of TWs against those whose EEGs contained non-TW patterns (all other periodic patterns apart from TWs), no difference was found in inpatient mortality (unadjusted OR 1.59, 95% CI 0.55-4.61, p = 0.395), mortality at 1-year (unadjusted OR 1.29, 95% CI 0.43-3.82, p = 0.651) discharge functional status (unadjusted OR 1.86, 95% CI 0.56-6.18, p = 0.310) or EEG resolution of the periodic patterns (unadjusted OR 0.75, 95% CI 0.15-3.65, p = 0.722).
Discussion
Several controversies surround periodic EEG patterns. Firstly, their relationship to ictal phenomenology is not fully established. 3, 19 Secondly, clinical improvement associated with treatment of critically ill patients might be confounded by concomitant sedatives and neuromuscular-blocking agents. 22 Seizure-mimics have also been found to occur in up to 73% of patients in a critical care setting. 23 Thirdly, while periodic patterns are associated with poor outcomes, they may represent an epiphenomenon, rather than being causative. 7, 21, [24] [25] [26] Lastly, there is little information on whether treating these periodic patterns affects outcomes, and how aggressive treatment, if any, should be. Recent evidence suggests that periodic patterns may not always be associated with a poor outcome. Spontaneous PED activity in comatose patients treated in the neuro-ICU was found to have no impact on mortality or recovery of consciousness. 27 While GPEDs are associated with NCSE, which itself is associated with a poor outcome, GPEDs in isolation were not found to have similar association with a poor outcome. 28 Our study suggests treating periodic patterns does not independently impact on mortality nor pattern resolution on EEG, and may be an independent risk factor for worsened functional status. Our study confirms expert consensus that aggressively attempting to abort periodic patterns in the absence of additional clinical criteria, based on the assumption that these patterns represent NCSE or a tendency for seizures, may be counter-productive. In addition, there has been controversy over the epileptogenicity of TWs. Frequent or continuous EEG abnormalities, including that of TWs, in patients whose EEGs had no previous similar abnormalities, can denote NCSE. 29 This is in spite of the traditionally held view of TWs reflecting a metabolic disturbance, rather than lying along the ictal-interictal continuum. We therefore included TWs in our analysis, and compared patients whose EEGs had solely TWs against those whose EEGs contained other periodic patterns apart from TWs. However, we found no difference in outcomes between the 2 groups. We found that presence of clinical seizures was associated with higher inpatient mortality. It is likely that periodicity on EEG in patients who had clinical seizures represent the true forms of the later stages of SE, and hence confer a worse prognosis, as opposed to patients without clinical seizures, where the EEG pattern may be an epiphenomenon of underlying CNS disease. 30 Conversely, in another cohort of patients with PEDs, absence of seizures at onset was associated with death, which the authors speculated may be due to the presence of more severe diffuse cerebral injury. 31 These opposing results likely reflect the ictal-interictal-injury continuum. Previous studies have similarly shown acute symptomatic etiology to be associated with higher mortality. 31 We found patients with a history of CNS-disease to be more likely discharged functionally as well as when they were admitted, with a trend to the EEG periodic patterns being less likely to resolve. This implies that chronic neuronal damage may be generating these patterns, hence attempts to abort them may not result in any clinically significant outcome. Lower GCS at time of EEG was an independent risk factor for death and impaired functional state on discharge. This parallels the findings in patients with NCSE, where mental status impairment was independently associated with increased mortality. 32 Shortterm mortality and return to baseline functionality in patients with refractory SE were found to be determined mainly by etiology, and independent of coma-inducing agents used and extent of EEG burst suppression achieved. 33 Our study suggests that likewise, outcome in patients with periodic patterns is affected predominantly by etiology and coma severity, rather than treatment or EEG morphology.
Described structural causative lesions of PLEDs include isolated gray matter lesions, or gray and white matter lesions. 34 In a study on patients with GPEDs, subcortical abnormalities were most common. 15 The majority of our patients had some cortical abnormalities on neuroimaging. There was no relationship between neuroimaging patterns and EEG patterns nor the clinical outcomes. To our knowledge, there has only been one other study investigating the relationship of imaging abnormalities in patients with PEDs and long-term outcomes, which similarly found no association between location of imaging abnormalities and functional outcome or mortality. 31 Our study has several limitations. The relatively small sample size contributed to wide confidence intervals. To minimize bias, only one neurologist, blinded to EEG findings, recorded all clinical information. Every effort was made to cross-reference medical records, including allied health reports for accurate data collection. Our study was retrospective, but ethical challenges make it difficult for any prospective randomized study to be done on the impact of treatment on periodic patterns. It is also possible that there may have been an element of selection bias as the clinicians opted to treat some patients but not others. The treatment regime was also not standardized (some patients were sedated, others placed on antiepileptic therapy alone) and we cannot account for differences as a result. Our retrospective analysis does however provide some evidence that treatment of the EEG patterns in isolation with little additional clinical evidence to suggest an epileptic process may not be beneficial. A larger scale prospective and randomized study would be required to confirm this finding. Continuous EEG (cEEG) recording was not available at our center during the study period. This may have under-estimated the prevalence of periodic patterns since cEEG can detect seizures in 28%, compared to 11% of patients with routine 30-min EEGs. 35 However, we feel that our cohort represents an unambiguous patient population with clinically significant periodic EEG patterns, given that they were detected on 30-min EEG recordings. Patients who continued to rapidly deteriorate and die, or those who improved clinically, may not have had a repeat EEG performed, as treatment was titrated according to patient's clinical status.
Conclusion
Our findings suggest that treatment of periodic EEG patterns does not independently improve clinical outcome of patients with impaired conscious levels. Occurrence of seizures remote to the time of EEG and lower GCS scores may independently predict poor prognoses.
Available research into periodic patterns has been varied due to different definitions of periodic patterns. We agree with the need for use of standardized terminology for periodic EEG patterns encountered in the critically ill, 36 and suggest we also have standardized functional outcome measures. Future studies are required to determine optimal management of these periodic patterns, where, instead of attempting to determine the ictal nature of the patterns, the actual impact of resultant brain injury should be considered.
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